ABSTRACT Competitive interactions among two specialist predators, Laricobius nigrinus Fender and Sasajiscymnus (Pseudoscymnus) tsugae Sasaji and McClure, and a generalist predator, Harmonia axyridis Pallas, of hemlock woolly adelgid, Adelges tsugae Annand, were studied in the laboratory. The two specialist predators are part of a biological control program that has been initiated for A. tsugae, and the potential for competition among these species and polyphagous established predators is unknown. Laboratory assays were evaluated in environmental chambers at two conditions: (1) early spring, 9:5ЊC (D:N), 12:12 (L:D) h, and 50 Ð75% RH; and (2) late spring, 18:10ЊC (D:N), 16:8 (L:D) h, and 75Ð90% RH. Predator feeding trials using conspeciÞc and heterospeciÞc eggs showed that L. nigrinus and S. tsugae eggs were consumed by all species, and predation was decreased with increased A. tsugae density. Eggs of H. axyridis were eaten almost exclusively by conspeciÞcs, at high rates, regardless of A. tsugae density. Survival, feeding on A. tsugae, and net egg production of single predators and groups of three conspeciÞcs and heterospeciÞcs were also examined. Survival for all species was not signiÞcantly affected by the presence of additional predators. In conspeciÞc groupings, only H. axyridis showed signiÞcant reductions in feeding on A. tsugae, whereas all species had signiÞcantly reduced net egg production with conspeciÞcs. In heterospeciÞc groupings, no signiÞcant effects on A. tsugae predation or net egg production were detected. The only signiÞcant negative competitive interactions detected in these assays were among conspeciÞcs, whereas heterospeciÞc combinations showed noninterference.
THE HEMLOCK WOOLLY ADELGID, Adelges tsugae Annand, is a major pest of eastern hemlock, Tsuga canadensis L. Carriere, and Carolina hemlock, T. caroliniana Engelmann, in the eastern United States. Heavily infested trees exhibit poor crown conditions and reduced shoot growth that, in combination with other environmental stresses, can result in rapid tree decline and death (McClure 1987 , Mayer et al. 2002 , Orwig 2002 . In ornamental and nursery settings, systemic insecticides have proven effective in managing A. tsugae populations (McClure 1992 , Rhea 1995 , Doccola et al. 2002 , Fidgen et al. 2002 , Webb et al. 2003 ; however, forest hemlocks are found in many inaccessible locations or along riparian zones where chemical controls are neither reasonable nor allowed. Because only generalist pathogens have been identiÞed with A. tsugae (Reid et al. 2002) and no known parasitoids are associated with Adelgidae (Montgomery and Lyon 1996) , biological control efforts using prey-speciÞc predator species have been initiated. Recent surveys in the eastern United States indicate that the native predator guild consists primarily of generalists (Wallace and Hain 2000) and that these species do not effectively control A. tsugae populations (McClure 1987, Montgomery and Lyon 1996) . Classical biological control using exotic predators from western North America and Asia is therefore under study (Cheah et al. 2004) .
Laricobius nigrinus Fender (Coleoptera: Derodontidae), native to the western United States and Canada, is a prey-speciÞc predator of A. tsugae (ZilahiBalogh et al. 2002) . Adults are black, have body lengths of Յ3 mm, and feed on all stages of A. tsugae (ZilahiBalogh et al. 2002) . Females oviposit singly within A. tsugae ovisacs from January to May. Larvae have four instars, during which time body length is increased from 1.7 to 3.6 mm. Mature larvae migrate to the soil to pupate (Zilahi-Balogh et al. 2003a ). This species has good phenological synchrony with A. tsugae (Zilahi-Balogh et al. 2003c) . Emergent adults remain in the soil in aestival diapause during summer and resume activity in the fall when A. tsugae nymphs begin to develop. Development from egg to adult requires 666.7 DD above a lower developmental threshold of 3.7ЊC (Zilahi-Balogh et al. 2003b) . Field studies indicate that L. nigrinus signiÞcantly reduces A. tsugae densities within temporary branch enclosures and can survive and reproduce in southwest Virginia from November to April (Lamb et al. 2005 ). This species is univoltine and is being successfully mass reared in the laboratory (Lamb et al. 2002) . Open releases into hemlock stands in the eastern United States began in 2003 (Mausel 2004) .
Sasajiscymnus (Pseudoscymnus) tsugae Sasaji and McClure (Coleoptera: Coccinellidae) , native to Japan, also seems to be a prey-speciÞc predator of A. tsugae McClure 1998, Butin et al. 2002) . Adults are black, have body lengths of 1.5Ð2.3 mm, and feed on all stages of A. tsugae (Sasaji and McClure 1997) . Females oviposit singly in concealed locations within curled bud-scales, in empty male cones, or beneath A. tsugae ovisacs (Cheah and McClure 1998) . Larvae have four instars, during which time body length is increased from 1.1 to 2.7 mm. Mature larvae develop a partial woolly covering, and pupation occurs on the host tree. Development time from egg to adult requires 405 DD above a lower developmental threshold of 9.5ЊC (Cheah and McClure 2000) . This species has a reproductive diapause that coincides with A. tsugae aestivation (Cheah and McClure 2000) and is capable of producing successive generations in the laboratory Cheah 1999, Palmer and Sheppard 2002) . To date, nearly one million beetles have been released into hemlock stands in the eastern United States, and Þeld collections in Pennsylvania and Connecticut suggest that this predator is established within this region (Blumenthal 2002, Cheah and McClure 2002) .
In addition to these newly introduced species, Harmonia axyridis Pallas (Coleoptera: Coccinellidae) was previously introduced for biological control of various homopteran pests and has quickly spread to many regions of North America (Koch 2003) . Adults are extremely variable in coloration, have body lengths of 4.9 Ð 8.2 mm, and are highly polyphagous, voracious predators (Gordon 1985) . Females oviposit on host tree substrates in groups of Ϸ20 Ð30 eggs (Takahashi 1987) . Larvae have four instars, during which time body length is increased from 1.9 to 10.7 mm and becomes covered with many scoli (Sasaji 1977 , Rhoades 1996 . Pupation occurs on the host tree. Development from egg to adult requires 267.3 DD above a lower developmental threshold of 11.2ЊC (LaMana and Miller 1998) . This species is bivoltine in North America, and adults migrate to overwintering sites in late fall Miller 1996, Koch and Hutchinson 2003) . In late winter or early spring, they switch from diapause to a quiescent state (Iperti and Bertrand 2001) , and on arrival of warmer spring temperatures in spring, they mate and disperse from overwintering sites (LaMana and Miller 1996) . In the southeastern United States, it has been commonly found with A. tsugae (Wallace and Hain 2000) .
Although it is an important arboreal biological control agent of aphids in pecan (Larock and Ellington 1996) , apple (Brown and Miller 1998) , and citrus (Michaud 2002) , H. axyridis expansion into an area can dramatically affect local populations of aphidophagous predators. Declines in populations of the native, arboreal coccinellids, Brachiacantha ursine F., Cycloneda munda Say, and Chilocorus stigma Say in southwestern Michigan (Colunga-Garcia and Gage 1998) and Cycloneda sanguinea L. in Florida (Michaud 2002) have been associated with invasion of H. axyridis. In addition to impacts on native species, H. axyridis has also replaced another established exotic species, Coccinella septempunctata L. (Coleoptera: Coccinellidae), as the predominant predator in arboreal habitats in western Oregon (LaMana and Miller 1996) and West Virginia (Brown and Miller 1998) . The possible mechanisms of replacement are not well understood, but direct or indirect competitive interactions among species using the same resource at the same time may lead to reductions in predator diversity and decrease the efÞcacy of biological control (Rosenheim et al. 1993) . In this study, we examined competitive interactions among prey-speciÞc predators of A. tsugae, L. nigrinus, and S. tsugae, being released as part of a biological control program, and an established polyphagous predator, H. axyridis. This represents the Þrst attempt to examine interactions among these species and will provide a preliminary indication of the potential for competition among these predators.
Materials and Methods
General Procedures. Laricobius nigrinus adults were obtained from a colony at Virginia Polytechnic Institute and State University (Blacksburg, VA) that was established with beetles collected from Victoria, British Columbia, Canada. Sasajiscymnus (Pseudoscymnus) tsugae adults were obtained from a colony at the Philip Alampi BeneÞcial Insect Laboratory at the New Jersey Department of Agriculture (Trenton, NJ). H. axyridis adults were obtained from Rincon-Vitova Insectaries (Ventura, CA). All species were maintained in 2.2-liter clear plastic containers lined with moistened Þlter paper and ventilated by lids covered with PeCap polyester mesh (Sefar, Kansas City, MO). Each container held 15 adults, in a sex ratio of 2:1 (F:M), and Þve to seven clippings of T. canadensis branches heavily infested with A. tsugae. These clippings were placed in Oasis ßoral-foam blocks (Smithers-Oasis, Kent, OH) and wrapped in ParaÞlm (SPI, Westchester, PA). Containers were maintained in an environmental chamber (model I-36; PercivalScientiÞc, Boone, IA) at 15ЊC, 12:12 (L:D) h, and 50 Ð75% RH. Hobo temperature and RH data loggers (Onset Computer, Pocasset, MA) were used to maintain settings, and readings were made at 1-h intervals. Branches were removed weekly and placed into rearing containers with fresh, infested T. canadensis clippings to facilitate larval development. Branch clippings in egg production and rearing containers were removed as needed and searched to obtain appropriate predator life stages for the experimental assays.
Fourth-instar L. nigrinus and second-instar S. tsugae and H. axyridis were used for all larval trials in accordance with the predicted overlap of predator life stages in hemlock stands, based on temperature development requirements (Cheah and McClure 1998 , LaMana and Miller 1998 , Zilahi-Balogh et al. 2003b . Predator instars were determined using head capsule and body length measurements of L. nigrinus (ZilahiBalogh et al. 2003a) , S. tsugae (Cheah and McClure 1998) , and H. axyridis (Rhoades 1996) . Adult predators of each species consisted of mated females of similar elytral lengths, by species, and were identiÞed using morphological characters of H. axyridis (Gordon 1985) and S. tsugae (Sasaji and McClure 1997) , and by monitoring oviposition of L. nigrinus after 72 h (Lamb et al. 2005) . All predator adults were mature, of approximately the same age (2Ð 4 mo), and selected randomly from rearing containers.
All experimental assays consisted of 15 by 2. (McClure 1989) . Unless otherwise indicated, all larval assays were tested using the late spring environment, whereas adult assays were tested at the early and late spring environment in keeping with the longer duration of adult activity. Except where indicated, all larval assays contained 20 cm of T. canadensis branch clippings with 50 A. tsugae adult sistens with ovisacs. Adult predator assays contained 60 cm of branch clippings with 150 A. tsugae adult sistens with ovisacs. In each assay, measures of predator survival, feeding, and egg production were assessed simultaneously at the conclusion of the trial. Fifteen replicates of each experiment were completed. All analysis of variance (ANOVA) was followed by TukeyÕs honestly signiÞcant difference (HSD) to separate treatment means (Zar 1984) , and analyses were evaluated for signiÞcance at P Յ 0.05.
Predator Feeding on Predator Eggs. No-choice tests were used to examine predator feeding on predator eggs for all species at two predator life stages and three A. tsugae densities. Each assay held either one larva or one adult female predator and contained 10 cm of T. canadensis with 0, 5, or 10 A. tsugae adult sistens with ovisacs. Each predator was provided with three eggs of each species. The eggs were moved into the assay from natural oviposition locations using a Þne-tip brush. Only one egg species was tested at a time. Eggs of L. nigrinus were placed singly in A. tsugae ovisacs, eggs of S. tsugae were placed singly on bud scales or beneath A. tsugae ovisacs, and H. axyridis eggs were placed in an exposed group on a single host tree needle. These locations are consistent with the typical oviposition sites of L. nigrinus (Zilahi-Balogh et al. 2003a) , S. tsugae (Cheah and McClure 1998) , and H. axyridis (Takahashi 1987) . During egg removal from their original location, attempts were also made to preserve and relocate materials used by females to attach eggs to the substrate. Under natural conditions, H. axyridis often lays more than three eggs per site; however, egg density was standardized for all species in these assays so that predation comparisons could be made.
Assays were tested using the late spring environment, and the number of conspeciÞc or heterospeciÞc predator eggs eaten by each individual predator was counted after 48 h. Larval and adult female consumption of predator eggs was analyzed separately using general linear models (PROC GLM) with predator species, predator egg species, and their interaction as categorical independent variables, and A. tsugae density as a covariate (SAS Institute 2001). Simple linear regression was used to examine the relationship between predator egg consumption and A. tsugae density for each predator feeding on each egg species (Zar 1984) .
Predator Survival. Larval predator survival was assessed for each species alone and when grouped with two additional predators at two different life stages. In grouped assays, a larva was placed with two conspeciÞc or heterospeciÞc (one each of the other two species) predators. These consisted of larvae, of the appropriate instar, or adult females. In conspeciÞc groupings of the same life stage, survival was assessed for a marked predator previously chosen at random. Similarly, adult female survival was assessed for a single female predator alone and in groupings with two additional conspeciÞc or heterospeciÞc adult female predators. The survival of each single, marked (conspeciÞc groupings), or individual species (heterospeciÞc groupings) was recorded in each assay after 6 d. Survival of the predator under consideration was recorded as a binomial response, either 1 for survival or 0 for death. Larvae and adult female survival was analyzed separately using logistic regression (PROC LOGISTIC; SAS Institute 2001). The model included survival as the dependent variable and predator species, predator species combination, and either predator life stage combination (larval assays) or environmental condition (adult female assays), and their interactions as categorical independent variables (Zar 1984) .
Predator Feeding on A. tsugae. In addition to survival, larval and adult female predator feeding on A. tsugae was examined among single predators and conspeciÞc or heterospeciÞc groupings. To assess the impact of the presence of conspeciÞcs, single-predator assays were compared with three-predator conspeciÞc groupings, and the relative consumption of A. tsugae between these assays was used to detect predator interference. In the absence of predator interference, we would expect an approximate threefold increase in feeding in the conspeciÞc groupings.
Based on this assumption, departure from a three-fold increase was used to indicate predator interference. To assess the inßuence of heterospeciÞcs on feeding, the combined feeding of single-predator assays, for all species, was compared with three-predator assays containing heterospeciÞc groupings. SigniÞcant differences between these values were used to indicate predator interference. Feeding by larvae was assessed as the number of A. tsugae sistens ovisacs Ն50% eaten after 6 d. The approximate number of eggs per A. tsugae ovisac present initially was determined a priori by averaging the results of four undisturbed ovisacs taken from each assay. A. tsugae eggs remaining in disturbed ovisacs at the conclusion of each trial were determined and subtracted from the a priori mean. Adult female feeding was assessed as the number of A. tsugae adult sistens killed and/or ovisacs Ն50% eaten after 6 d. Larval and adult female feeding were examined separately for each environment using general linear models (PROC GLM; SAS Institute 2001). Feeding with conspeciÞcs was analyzed using a nested design, by predator species, and predator number nested within predator species, whereas feeding with heterospeciÞcs was analyzed using predator number only. Feeding results were log 10 -transformed to achieve normality and equality of variances and analyzed using one-way ANOVA (Zar 1984) .
Predator Egg Production. For adult female predators, the inßuence of conspeciÞc and heterospeciÞc groupings on overall net egg production was also assessed. Net egg production, or the number of intact predator eggs remaining at the conclusion of 6 d, was compared among all predator species and within each species in relation to grouping. Within-species comparisons examined net egg production for single predators relative to three-predator combinations. In the absence of predator interference, we would expect similarity between single-predator assays and heterospeciÞc groupings. Based on this assumption, nonsimilarity was used to indicate heterospeciÞc interference, whereas conspeciÞc interference was again detected by examining departures from an approximate three-fold increase. Eggs of each species were distinguished using morphological characteristics of L. nigrinus (Zilahi-Balogh et al. 2003a) , S. tsugae (Sasaji and McClure 1997) , and H. axyridis (Gordon 1985) . Predator net egg production was examined using general linear models (PROC GLM; SAS Institute 2001) that included predator species combination, environmental condition, and their interaction as independent categorical variables. Net egg production results were log 10 -transformed to achieve normality and equality of variances and analyzed using a two-way ANOVA (Zar 1984) .
Results
Predator Feeding on Predator Eggs. The model for predators feeding on predator eggs had a strong interaction between predator species and predator egg species in both larval (F ϭ 22.54; df ϭ 4,125; P Յ 0.01) and adult trials (F ϭ 16.37; df ϭ 4,125; P Յ 0.01); therefore, each predator was analyzed separately. L. nigrinus consumed signiÞcantly more conspeciÞc eggs than heterospeciÞc eggs and signiÞcantly fewer H. axyridis eggs for both larvae (F ϭ 29.91; df ϭ 2,41; P Յ 0.01) and adult female (F ϭ 21.26; df ϭ 2,41; P Յ 0.01) predators. For larvae, there was a negative relationship between consumption rates of predator eggs and increasing A. tsugae density in assays with eggs of conspeciÞcs (r 2 ϭ 0.66; P Յ 0.01) and S. tsugae (r 2 ϭ 0.67; P Յ 0.01), but not with H. axyridis eggs (r 2 ϭ 0.10; P ϭ 0.24; Fig. 1A ). These relationships were consistent for adult females in assays with eggs of conspeciÞcs (r 2 ϭ 0.58; P ϭ 0.0010), S. tsugae (r 2 ϭ 0.62; P ϭ 0.0004), and H. axyridis (r 2 ϭ 0.10; P ϭ 0.24; Fig. 2A) .
Sasajiscymnus (Pseudoscymnus) tsugae consumed similar numbers of conspeciÞc and L. nigrinus eggs, but signiÞcantly fewer eggs of H. axyridis in both larval (F ϭ 5.93; df ϭ 2,41; P ϭ 0.02) and adult female (F ϭ 9.60; df ϭ 2,41; P Յ 0.01) assays. Similar to L. nigrinus, there was a negative relationship between consumption rates of predator eggs and increasing A. tsugae density for larvae in assays with eggs of conspeciÞcs (r 2 ϭ 0.59; P Յ 0.01) and L. nigrinus (r 2 ϭ 0.28; P ϭ 0.02), but not with H. axyridis (r 2 ϭ 0.10; P ϭ 0.24; Fig.  1B ). These relationships were maintained for adult female predation on eggs of conspeciÞcs (r 2 ϭ 0.59; P Յ 0.01), L. nigrinus (r 2 ϭ 0.49; P Յ 0.01), and H. axyridis (r 2 ϭ 0.10; P ϭ 0.24; Fig. 2B ). Harmonia axyridis showed signiÞcantly greater feeding on conspeciÞc eggs than heterospeciÞc eggs; each had similar amounts of predation in larval (F ϭ 16.58; df ϭ 2,41; P Յ 0.01) and adult female (F ϭ 16.58; df ϭ 2,41; P Յ 0.01) assays. Larvae of this species showed a negative relationship between feeding on predator eggs and increasing A. tsugae density in assays with eggs of L. nigrinus (r 2 ϭ 0.61; P Յ 0.01) and S. tsugae (r 2 ϭ 0.78; P Յ 0.01) but not with conspeciÞc eggs (r 2 ϭ 0.08; P ϭ 0.34; Fig. 1C ). These relationships were maintained for adult female egg predation of L. nigrinus (r 2 ϭ 0.69; P Յ 0.01), S. tsugae (r 2 ϭ 0.62; P ϭ 0.0004), and conspeciÞcs (r 2 ϭ 0.09; P ϭ 0.29; Fig. 2C) .
Predator Survival. The model examining predator survival showed no interactions among the independent variables tested in larval (Wald 2 ϭ 0.26; df ϭ 4; P ϭ 0.98) or adult female (Wald 2 ϭ 0.89; df ϭ 4; P ϭ 0.93) trials. Analyses of the inßuence of each variable revealed that larval predators had similar survival regardless of predator species (Wald 2 ϭ 0.94; df ϭ 2; P ϭ 0.63), predator species combination (Wald 2 ϭ 0.72; df ϭ 2; P ϭ 0.70), or predator life stage combination (Wald 2 ϭ 2.68; df ϭ 1; P ϭ 0.10; Fig. 3A ). Survival of adult female predators was also similar by predator species (Wald 2 ϭ 0.78; df ϭ 2; P ϭ 0.68), predator species combination (Wald 2 ϭ 1.10; df ϭ 2; P ϭ 0.58), and environmental condition (Wald 2 ϭ 0.03; df ϭ 2; P ϭ 0.98; Fig. 3B ). Predator Feeding on A. tsugae. The model examining the inßuence of conspeciÞc groupings on predator larvae showed signiÞcant differences among predator species (F ϭ 148.51; df ϭ 2,84; P Յ 0.01), and predator number nested within predator species (F ϭ 52.13; df ϭ 3,84; P Յ 0.01; Fig. 4A ). Overall, L. nigrinus larvae consumed signiÞcantly more A. tsugae ovisacs than H. axyridis, which had signiÞcantly greater feeding than S. tsugae. For each species, the conspeciÞc group showed signiÞcantly greater feeding than the singlepredator assay of that species. For both L. nigrinus and S. tsugae, there was an approximate three-fold increase in feeding by conspeciÞc groupings relative to singlepredator assays, whereas H. axyridis assays showed an approximate two-fold increase. Similarly, the model for adult female predators showed signiÞcant differences among predator species in the early (F ϭ 131.14; df ϭ 2,84; P Յ 0.01; Fig. 4B ) and late spring evaluations (F ϭ 123.97; df ϭ 2,84; P Յ 0.01; Fig. 4C ). In each case, H. axyridis consumed signiÞcantly more A. tsugae than L. nigrinus, which had signiÞcantly greater feeding than S. tsugae. Predator number nested within predator species was also signiÞcantly different for both the early (F ϭ 125.75; df ϭ 3,84; P Յ 0.01) and late spring assays (F ϭ 186.47; df ϭ 3,84; P Յ 0.01). As in the larval assays, conspeciÞc groupings showed signiÞcantly higher feeding than single predators, and L. nigrinus and S. tsugae again showed approximate three-fold increases in feeding, whereas H. axyridis had an approximate two-fold increase in each set of conditions.
The model examining the inßuence of heterospeciÞc groupings on feeding by predator larvae also revealed signiÞcant differences by predator number (F ϭ 109.48; df ϭ 3,56; P Յ 0.01; Fig. 5A ). Overall, the heterospeciÞc larval group had signiÞcantly greater feeding than any of the single-predator assays, and the combined feeding of all three single-predator assays was not signiÞcantly different than the heterospeciÞc grouping (F ϭ 0.26; df ϭ 1,56; P ϭ 0.81). Adult females also showed signiÞcant differences in feeding by predator number in the early (F ϭ 109.92; df ϭ 3,112; P Յ 0.01; Fig. 5B ) and late spring assays (F ϭ 157.67; df ϭ 3,112; P Յ 0.01; Fig. 5C ). In each case, the heterospeciÞc groupings had greater feeding than any of the single-predator assays, and the combined feeding of the single-predator assays was again similar to that of the heterospeciÞc group in both the early (F ϭ 0.26; df ϭ 3,112; P ϭ 0.81) and late spring evaluations (F ϭ 0.29; df ϭ 3,112; P ϭ 0.79).
Predator Egg Production. The model for net egg production by adult female predators showed no three-way interaction among the variables (F ϭ 41.75; df ϭ 4,252; P ϭ 0.19), but did have a two-way interaction between predator species and environmental condition (F ϭ 1.56; df ϭ 2,252; P Յ 0.01), so each species was analyzed separately. For L. nigrinus, net egg production was greater overall than the other species and was signiÞcantly increased from the early to the late spring assays (F ϭ 37.46; df ϭ 1,84; P Յ 0.01; Fig. 6A ). In each case, net egg production was significantly higher in the conspeciÞc groupings (F ϭ 95.36; df ϭ 2,84; P Յ 0.01) by approximately two-fold than in single-predator assays or heterospeciÞc groupings, which were similar. In contrast, egg production in S. tsugae was lowest overall, although it was signiÞ-cantly increased from the early to late spring evaluations (F ϭ 153.78; df ϭ 1,84; P Յ 0.01; Fig. 6B ). Similar to L. nigrinus, this species had similar egg production in single-predator assays and in heterospeciÞc groupings, whereas conspeciÞc groupings were increased approximately two-fold. However, because of low net egg production, the treatment groups were not signiÞcantly different statistically (F ϭ 1.06; df ϭ 2,84; P ϭ 0.35). Net egg production for H. axyridis was similarly low overall, but increased signiÞcantly from the early to late spring assays (F ϭ 5.30; df ϭ 1,84; P ϭ 0.02; Fig. 6C ). Similar to the above species, egg production by H. axyridis in single-predator assays and heterospeciÞc groupings were similar; however, there was a signiÞcant reduction, by approximately fourfold, in conspeciÞc groupings (F ϭ 4.20; df ϭ 2,84; P ϭ 0.02).
Discussion
Among the specialist species, differences in predator egg susceptibility to predation may be explained as a function of predator feeding speciÞcity and biology, as well as female oviposition site and resource competition. The narrow prey range of L. nigrinus (Zilahi-Balogh et al. 2002) and S. tsugae McClure 1998, Butin et al. 2002) may have severely limited predation except in cases where no A. tsugae was provided. Although eggs of these species were vulnerable to predation, the inverse relationship that existed between predator egg consumption and A. tsugae density likely arose from a decline in the probability of encountering predator eggs as A. tsugae density increased, suggesting that eggs of these species are being preyed on opportunistically rather than preferentially. Differences in egg predation may also have occurred because of egg location. Eggs of L. nigrinus were contained in close association with A. tsugae ovisacs, the primary food source for these predators, and may have suffered higher levels of predation than S. tsugae eggs, which were located on host tree substrates and had reduced proximity to A. tsugae ovisacs. Eggs of both specialist species were fed on more heavily by conspeciÞcs, which may indicate that these predators engage in competition for food resources and oviposition sites with conspeciÞcs and have developed the ability to cannibalize.
For H. axyridis eggs, feeding by heterospeciÞcs was rare even with no A. tsugae present. This is most likely related to the feeding preferences of the specialist predators or possibly because of the presence of chemical compounds that deter predation, which are found in many other polyphagous coccinellid species (Pasteels et al. 1973 ). Despite the lack of feeding by heterospeciÞc predators, H. axyridis eggs were consumed at very high rates by conspeciÞcs. This may best be explained by the biology and ecology of this species. ConspeciÞc predation may serve to regulate population density (Osawa 1993 ) and may also provide increased nutrition, growth, and survival when prey is of low quantity or quality (Wagner et al. 1999 , Yasuda and Ohnuma 1999 , Snyder et al. 2000 , Michaud and Grant 2004 . Larval H. axyridis that engage in conspeciÞc predation have shown increased body length and survival rates in relation to the intensity of predation (Osawa 1992) . Thus, conspeciÞc predation may be beneÞcial for H. axyridis regardless of prey density, as was found in our assays.
When examining competitive effects, it is useful to compare heterospeciÞc predation relative to conspeciÞc predation to provide an indication of risk for new species combinations (Lynch et al. 2001 ). In our assays, heterospeciÞc predation of L. nigrinus and H. axyridis eggs was never signiÞcantly higher than conspeciÞc predation, indicating that eggs of these species may not be negatively impacted by the other species. In contrast, heterospeciÞc predation of S. tsugae eggs by H. axyridis was consistently greater than conspeciÞc predation, showing the potential of this species to negatively impact S. tsugae directly.
In larval and adult female predator assays, all species had high rates of survival, and this was not signiÞcantly affected by any of the variables considered. However, these assays were short-term trials, and A. tsugae densities were high and not exhausted. ConspeciÞc and heterospeciÞc predation may have been increased if prey was more limited. Unpublished data of L. nigrinus larvae by the authors and previous observations of S. tsugae larvae (Blumenthal 2002) have indicated these species engage in conspeciÞc predation. The lack of signiÞcant conspeciÞc predation by these species may be explained by the limited predatory ability of the instars used in these assays, whereas nonsignificant heterospeciÞc predation is likely related to the prey specialization of L. nigrinus (Zilahi-Balogh et al. 2002) and S. tsugae McClure 1998, Butin et al. 2002) . The larvae of H. axyridis are also covered with scoli that may help to provide defense against predation (Dixon 2000) .
Although there is limited information regarding predator interactions among these specialist species, conspeciÞc predation by H. axyridis larvae is well documented (Osawa 1992 , Cottrell and Yeargan 1998 , Joseph et al. 1999 , Wagner et al. 1999 , Casagrande et al. 2002 . This behavior was shown to increase with larval size and density (Michaud 2003) and occurred at higher rates among nonsiblings than siblings, an indication of kin recognition (Joseph et al. 1999 , Michaud 2003 . In our assays, it is likely that conspeciÞc predation of H. axyridis larvae did not occur because the early instars used were less voracious, similar in size, and had abundant A. tsugae. Similarly, heterospeciÞc predation by this species has been shown to occur and is increased when homopteran prey is scarce Shinya 1997, Burgio et al. 2002) ; however, this too may have been limited in our assays because of similar factors.
Adult female predation of conspeciÞc or heterospeciÞc predators has not previously been documented for L. nigrinus or S. tsugae and was not observed in these studies. As in the larval assays, these behaviors may have been limited because of biological constraints, such as prey speciÞcity, or experimental conditions, such as A. tsugae densities. In contrast, numerous other studies have shown conspeciÞc and heterospeciÞc predation by adult H. axyridis (Koch 2003) , with the intensity of this predation being inversely related to homopteran prey density (Hironori and Katsuhiro 1997, Burgio et al. 2002) . Our studies showed limited conspeciÞc and heterospeciÞc predation by H. axyridis, and this may be partly attributed to the abundance of A. tsugae. It is also possible that these species are using avoidance behaviors or have different daily temporal or spatial feeding patterns that may serve to limit competitive interactions, but this requires further study.
Overall, predator feeding on A. tsugae in these assays was associated positively with relative body size of the predators. Larvae of L. nigrinus and H. axyridis adult female life stages were the largest species in their respective assays and had greater feeding on A. tsugae. Feeding by L. nigrinus was more similar between assay conditions than S. tsugae and H. axyridis, which had much greater feeding during the late spring, supporting Þeld studies that show L. nigrinus is active earlier in the year at lower temperatures (Zilahi-Balogh et al. 2003c , Lamb et al. 2005 . Comparison of single-predator and conspeciÞc groups feeding on A. tsugae showed a lack of competitive interactions for L. nigrinus and S. tsugae, because each predator showed an approximate three-fold feeding increase with additional predators. In contrast, H. axyridis larvae and adult female conspeciÞc groupings only showed an approximate two-fold increase, indicating possible competitive interference. The interactions among this species may have been indirect, because fecal cues have been shown to decrease conspeciÞc feeding (Agarwala et al. 2003) and were likely present in high concentration because of the small arena size. When there is an increased chance for a predator to become prey, they may reduce their risk by limiting feeding and avoiding patches in which they detect fecal cues from other predators (Grostal and Dicke 1999) . We would expect that the degree of avoidance response would be in accordance with the relative risk of predation, and thus, the more specialized predators, L. nigrinus and S. tsugae, may be at lower risk, because they are not adapted to detect these cues. In support of this, heterospeciÞc groupings of all predators did not show signiÞcant competitive interference, as judged by their feeding activity on A. tsugae.
The overall higher net egg production by L. nigrinus in these assays may indicate that this species is simply more fecund, or it may be related to varying levels of cold adaptation, because the developmental threshold for L. nigrinus is lower, by over two-fold, than that of S. tsugae or H. axyridis (Cheah and McClure 1998 , LaMana and Miller 1998 , Zilahi-Balogh et al. 2003b ). Because egg production by all species is inßuenced by temperature (Cheah and McClure 1998 , Stathas et al. 2001 , Zilahi-Balogh et al. 2002 , the lower threshold of L. nigrinus may have allowed increased reproduction during the colder conditions of the early spring evaluation, whereas the coccinellid species would have limited egg production until temperatures were increased in the late spring conditions, as we observed.
The presence of reproductive interference by conspeciÞcs was detected for all species when net egg production was examined. Overall, L. nigrinus and S. tsugae showed a lower level of competitive interference than H. axyridis, which had a much stronger reaction to conspeciÞcs. For H. axyridis, the competitive interference may again be indirect, related to fecal cues (Agarwala et al. 2003) , or possibly the presence of oviposition-deterring pheromones that can be laid down in conspeciÞc tracks (Yasuda et al. 2000) . Given the temporary nature of many homopteran populations and its high prey requirement, H. axyridis may often face prey shortages that lead to increased conspeciÞc competition. Under these circumstances, selective pressure would favor avoiding oviposition in sites already occupied by conspeciÞcs. Or, conspeciÞc competition may have been direct, in the form of egg cannibalism, as has been shown previously (Osawa 1992) and was documented in the egg predation studies described here as well. The type of chemical ecology and behavior exhibited by H. axyridis against conspeciÞcs has not been shown for L. nigrinus or S. tsugae, but the presence of similar direct and indirect competitive mechanisms is possible. The results for these species may be explained by reproductive biology or the quality of prey and host tree provided. Observations from mass rearing studies indicate that L. nigrinus and S. tsugae may be sensitive to A. tsugae quality (Lamb et al. 2002, Palmer and Sheppard 2002) and S. tsugae to host tree health (Sheppard and Palmer 2004) . In contrast to conspeciÞc groupings, heterospeciÞcs combinations did not result in signiÞcant competitive interference as measured by net egg production. These results indicate that egg predation by heterospeciÞcs may either not occur, to a signiÞcant degree, at high A. tsugae densities, or that these predators may have different oviposition strategies such that competitive interactions for sites may not be signiÞcant.
Competitive interactions among predators may directly or indirectly affect predator diversity and biological control (Rosenheim et al. 1993 ). The only signiÞcant competitive interactions detected among these species occurred between conspeciÞcs, resulting in reduced feeding on A. tsugae by H. axyridis larvae and adult females and reduced net egg production for all three species. However, laboratory studies of competitive interactions do not provide a complete picture of predator activity. While it is difÞcult to extrapolate the real signiÞcance of these interactions in Þeld populations, because small arenas were used and predators and prey densities were manipulated, we contend that the outcomes of these interactions in the Þeld would be similar. Our studies provide only a partial understanding of the occurrence of competitive interactions, because a limited number of life stages were used, and little is known about the existence of avoidance strategies or the degree of natural dispersal (i.e., immigration and emigration) of these species in hemlock stands infested with A. tsugae. Thus, further studies are warranted to examine both direct and indirect mechanisms of competition among these species and their effects on predator behavior and biology.
Overall, it is difÞcult to predict the effect that competitive interactions will have on these biological control agents. Invasion by H. axyridis in hemlock stands infested with A. tsugae is well documented (Wallace and Hain 2000) and is likely to continue given that prey densities are high and that native species are not reducing them substantially. As such, H. axyridis may prove to be a formidable competitor to the newly introduced specialist predators L. nigrinus and S. tsugae, because it is highly adapted for competition with other species. With its greater size and voracity, this species may prevail in direct and indirect heterospeciÞc interactions, possibly contributing to the decline or dispersal of these agents from A. tsugae infestations. However, the risk to these species from H. axyridis may be reduced given that conspeciÞc interference may limit densities of this predator in Þeld populations and reduce their overall impact on other species. Also, the lack of strong seasonal synchrony for these species in terms of temporal and spatial distribution, and therefore the extent of overlap, may limit competitive effects on populations in the Þeld. Temporal overlap of L. nigrinus with these coccinellid predators may be limited because of their early spring development and adaptation to lower temperatures. However, S. tsugae may be at greater risk because of their higher temperature requirements and late spring development that overlaps with H. axyridis and other generalist predators, such as lacewings and spiders, which have been shown to feed on immature stages of this predator (Casagrande et al. 2002) . However, signiÞcant interactions may be limited because of spatial differences related to predator biology or avoidance strategies. Continued laboratory and Þeld studies of these and other A. tsugae predators are underway and will allow for a better conceptual and ecological framework for examining, understanding, and predicting the effects of competitive interactions on the biological control program for A. tsugae.
